Abstract. Levodopa (L-DOPA) is the gold standard for symptomatic treatment of Parkinson's disease (PD); however, long-term therapy is associated with the emergence of L-DOPA-induced dyskinesia (LID). Nigral dopaminergic cell loss determines the degree of drug exposure and time required for the initial onset of LID. Accumulating evidence indicates that α-lipoic acid (ALA) decreases this nigral dopaminergic cell loss. However, until now, the precise mechanisms of ALA have only been partially understood in LID. Chronic L-DOPA treatment was demonstrated to develop intense AIM scores to assess dyskinetic symptoms. Rats in the LID group were administrated twice daily with L-DOPA + benserazide for 3 weeks to induce a rat model of dyskinesia. Moreover, other 6-OHDA-lesioned rats were treatment with ALA (31.5 mg/kg or 63 mg/kg) in combination with L-DOPA treatment. Furthermore, the authors investigated the level of malondialdehyde (MDA) and glutathione (GSH) activity, as well as IBa-1, caspase-3 and poly (ADP-ribose) polymerase (PARP) in substantia nigra by the way of western blotting and immunofluorescence. ALA reduced LID in a dose-dependent manner without compromising the anti-PD effect of L-DOPA. Moreover, ALA reduced the level of MDA and upregulated the GSH activity, as well as ameliorated IBa-1 positive neurons in the substantia nigra. Finally, it was identified that ALA could reduce L-DOPA-induced cleaved-caspase-3 and PARP overexpression in the substantia nigra. Based on the present findings, ALA could be recommended as a promising disease-modifying therapy when administered with L-DOPA early in the course of PD. The exact mechanism for this action, although incompletely understood, appears to relate to anti-oxidative stress and anti-apoptosis.
Introduction
Levodopa (L-DOPA), the precursor of dopamine (DA), has provided obvious effective treatment for Parkinson's disease (PD) by replacing DA neurotransmission following the death of substantia nigra neurons (1) . Its high efficacy is due to the ability to restore synaptic DA levels, an effect thought to be mediated by the spared DA neurons. Following chronic administration of L-DOPA, however, leads to motor side effects, L-DOPA-induced dyskinesias (LIDs), limiting the utility of the drug (2) . LIDs are perceived as debilitating by affected patients and continue to be a major problem to the clinical management of PD patients. For this reason, there is a great interest in developing non-dopaminergic treatments that can be added to L-DOPA to reduce these untoward effects (3) .
Together with previous findings in LID models, this led to the overall impression that the development of LID is caused by a complex interaction of both pre-and postsynaptic changes, taking place not only in the DA system, but also involving a variety of other mechanisms (4) . There are literature reports indicating that especially long-time L-DOPA therapy may cause side effects in the form of increased toxicity and inflammatory response, as well as disturbances in biothiol metabolism (5) . Spencer et al (6) reported that the augmented oxidative stress in patients treated with L-DOPA may have resulted from lowered levels of antioxidants, disturbed mitochondrial transport, and from excessive oxidation of DA. Moreover, some previous studies indicated that, in PD patients treated with L-DOPA, increased plasma levels of neuroinflammation markers, such as oxidized-low density lipoproteins and soluble intracellular adhesion molecule (7) . Therefore, in PD patients treated with L-DOPA, monitoring of oxidative stress markers and inflammatory factors, as well as biothiol compounds is recommended.
α-lipoic acid (ALA), is an antioxidant naturally synthesized in human body with potential therapeutic value against a range of pathophysiological insults (8) . Emerging evidence has indicated that ALA has effective antioxidative activities by scavenging reactive oxygen species (ROS) and inhibits free radical formation by chelating various metal types, indicating that it can exert beneficial effects on various disorders Lipoic acid alleviates L-DOPA-induced dyskinesia in 6-OHDA parkinsonian rats via anti-oxidative stress SU-FANG ZHANG   1*   , CHENG-LONG XIE   2*   , JING-YA LIN  1 , MEI-HUA WANG  1 , XI-JIN WANG  1 and ZHEN-GUO LIU correlated with oxidative stress (9) . In addition, ALA is reported to have anti-inflammatory properties and to increase intracellular glutathione (GSH) formation in a range of cell types and tissues, which may be beneficial in neurodegenerative conditions (10) . It has been reported that ALA protected DA neurons against MPPT-induced apoptosis by attenuating ROS formation (11) . Moreover, a previous study (12) demonstrated that ALA prevented the damage induced by 6-OHDA or by chronic use of L-DOPA in dopaminergic neurons, suggesting that ALA could be a new therapeutic target for PD prevention and treatment (13) . Indeed, emerging evidences in vivo and in vitro have come to further support the crucial position of ALA in the neuroprotective of PD, especially in the field of anti-oxidative stress and anti-inflammation. However, there is still limited data on ALA in animal models of LID. Therefore, the aim of the current study was to investigate neurochemical and behavioral effects of ALA in combination with L-DOPA using an animal model of LID in 6-OHDA-lesioned parkinsonian rats. 
Materials and methods

Animals
Induction of parkinsonism and L-DOPA-induced dyskinesia.
6-OHDA-lesioned PD rats were induced by the methods mentioned above (14) . Briefly, rats were deeply anesthetized by 10% chloral hydrate (0.35 ml/100 g; Beyotime Institute of Biotechnology, Shanghai, China) and mounted in a stereotaxic apparatus equipped with a rat adaptor. Using a syringe, 4 µl 6-OHDA (4 µg/µl) in 0.2% ascorbic acid were injected into the right medial forebrain bundle (MFB) of rats in two deposits at the following stereotaxic coordinates as follows: 1) anterior-posterior (AP), -4.4 mm, medial-lateral (ML), -1.2 mm, dorsal-ventral (DV), -7.8 mm; 2) AP, -3.7 mm, ML, -1.7, DV, -7.8. The tooth bar was set to -2.4 mm. At 3 weeks following surgery, the lesioned rats were screened behaviorally using an apomorphine hydrochloride-induced [0.5 mg/kg, intraperitoneally (i.p.)] rotation test and all animals exhibited >7 full body turns/min toward the side of the unlesioned side were selected for the next experiment. AIM ratings and forelimb functional test. On testing days, rats were placed individually in transparent plastic cages 10 min prior to drug treatment. As described previously (15), abnormal involuntary movements (AIM) were classified into four subtypes: 1) axial AIM: dystonic posturing or choreiform twisting of the neck and upper body towards the side contralateral to the lesion; 2) limb AIM: abnormal, purposeless movements of the forelimb and digits contralateral to the lesion; 3) orolingual AIM: empty jaw movements and contralateral tongue protrusion; and 4) locomotion AIM: increased locomotion with contralateral side bias. The AIM scores were tested at 2, 7, 14 and 21 days during levodopa treatment. Each of these subtypes was scored on a severity scale from 0 to 4. Forelimb functional test was performed five times at 5, 9, 13, 16 and 20 day during L-DOPA treatment, which could as an index of parkinsonion disability score. The rats were placed in a glass cylinder (22x35 cm) to record forelimb use during vertical exploration for 60 min. During a period of 60 min following L-DOPA treatment, forelimb functional test was assessed every 20 min (3 min monitoring period for each). The final value was expressed in terms of the percentage use of the impaired forelimb (contralateral) compared with the total number of limb use movements.
Measurement of GSH and lipid peroxide.
To assess the enzymatic activity of GSH and lipid peroxide in striatum, the tissues were homogenized in 0.1 mol/l PBS containing 0.05 mmol/l EDTA. The homogenate was centrifuged at 12,000 x g for 15 min at 4˚C. The supernatants were kept for the measurement. Total GSH was assayed by 5,5-dithiobis (2-nitrobenzoic) acid (DTNB)-GSSG reductase recycling. GSSG was obtained by determining the absorbance of 5-thio-2-nitrobenzoic acid produced from the reaction of the reduced GSH with DTNB according to the manufacturer's protocols. The reduced GSH was obtained by subtracting GSSG from the total GSH. Absorbance was determined at 412 nm by using the microplate reader. GSH activity was assessed with GSH Assay kit (Beyotime Institute of Biotechnology, Haimen, China) by the mays of GSH/GSSG. The level of MDA, a product of lipid peroxidation, was measured with MDA Assay kit (Beyotime Institute of Biotechnology) based on modified thiobarbituric acid method.
Immunofluorescence (IFC). IFC was carried out in free-floating sections using a standard avidin-biotin immunocytochemical protocol. Rats were rapidly anesthetized with 10% chloral hydrate (350 mg/kg, i.p.) and transcardially perfused with 4% paraformaldehyde. Whole brains were post-fixed overnight in the 4% paraformaldehyde, stored at 4˚C and then stored in a solution containing 30% sucrose. Sections (30 µm) were cut with a slicing machine and blocked for 10 min at room temperature in 5% normal donkey serum (Beyotime Institute of Biotechnology), and then incubated overnight at 4˚C in the primary antibody solution (monoclonal rabbit anti-IBA; 1:200; cat. no. ab178680; Abcam, Cambridge, UK). Sections were rinsed in PBS and incubated with fluorescein isothiocyanate-conjugated donkey anti-rabbit antibody (cat. no. A0453; 1:200; Beyotime Institute of Biotechnology) for 1 h at room temperature. Subsequently, sections were again rinsed in PBS, mounted on slides, cover slipped, and examined with confocal microscopy. Digitized images were analyzed for distribution of immunoreactive cells in the lesioned hemisphere striatum and substantia nigra of rats.
Western blot analysis. Striatal tissues and substantia nigra were homogenized in 20 mM Tris-HCl (pH 7.4), containing 1 mM NaF, 150 mM NaCl, 1% Triton X-100 and freshly-added protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland), and 100 µM phenylmethylsulfonyl fluoride. Cytosols were prepared by centrifugation at 12,000 x g for 10 min at 4˚C. Proteins were separated by SDS-PAGE electrophoresis, using different percentages of gels based on the different protein weights (range, 6-12%) and transferred overnight to polyvinylidene difluoride membranes. Then, the membrane was incubated with polyclonal rabbit anti-caspase-3 (cat. no. 9661S; 1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA) and polyclonal rabbit anti-poly (ADP-ribose) polymerase (PARP; cat. no. 9542S; 1:1,000; Cell Signaling Technology) overnight at 4˚C, respectively, and then incubated in horseradish peroxidase conjugated secondary anti-rabbit β-actin IgG (cat. no. A0208; 1:1,000; Beyotime Institute of Biotechnology). The signal was visualized by enhanced chemiluminescence reagent (EMD Millipore, Billerica, MA, USA) and quantified using Quantity One software (Image Lab).
Statistical analysis. The scores assigned for AIM and parkinsonian disability were non-parametric and were analyzed using a Kruskal Wallis followed by Dunn's test for multiple comparisons in the case of comparing data over multiple days. The western blot analysis and IHC conformed to normal distribution were performed using a one-way analysis of variance (ANOVA) followed by LSD post-hoc comparisons when appropriate as indicated in the figure legends. P<0.05 was considered to indicate a statistically significant difference. All analyses were conducted using SPSS software (version, 16.0; SPSS Inc., Chicago, IL, USA).
Results
Treatment with ALA prevents the development of LID in 6-OHDA-lesioned rat model of PD.
A total of 48 SD rats were unilaterally injected with 6-OHDA in the MFB (n=12 per group). The anti-dyskinetic potential of ALA against LID was evaluated at two different doses (31.5 and 63 mg/kg). As can be observed in Fig. 1 , ALA reduced AIM scores and observed after L-DOPA (25 mg/kg) in a dose-dependent manner. 6-OHDA-lesioned rats treated with L-DOPA for 21 days developed a progressive increase in LID (P<0.05 compared with PD and ALA groups; Fig. 1A and B) . The 6-OHDA-lesioned rats received the saline for 21 days did not develop LID features. Meanwhile, co-administration of ALA with L-DOPA did not develop severe LID over the 21 day treatment period, which differed significantly from the LID group in all testing sessions except at 2 and 7 day time point following administration (P<0.05; Fig. 1A and B) . Furthermore, the ALA-H (63 mg/kg) group demonstrated a greater reduction in the AIM scores compared with the rats receiving ALA-L (31.5 mg/kg), but the rats still presented a mild dyskinesia, this effect did not reach completely reversal. Similarly, this seemed to be the same trend in orolingual AIM (Fig. 1C), limb AIM (Fig. 1D) , Axial AIM (Fig. 1E) , as well as locomotion AIM (Fig. 1F) .
Effects of LA on forelimb functional test.
Following this, the authors sought to determine whether ALA improvement of LID without ablation of the therapeutic response to L-DOPA. The authors observed that PD rats treated with L-DOPA prefer to use the contralateral forelimb to touch the inner wall of the cylinder compared with the PD group (P<0.05; Fig. 2 ). If the animals were co-injected with ALA-L (31.5 mg/kg) or ALA-H (63 mg/kg) for 21 days, they also demonstrated preferential to touch the wall with contralateral forelimb at 5, 13 and 20 day time points following administration (P>0.05 vs. LID group, P<0.05 vs. PD group, respectively; Fig. 2 ). When they continued to measure forelimb preference between ALA-L and ALA-H groups, no significant difference was identified between two groups (P>0.05; Fig. 2 ).
Effects of LA on MDA and GSH activity. In the current study, the MDA level as a measure of lipid peroxidation was remarkably increased in the LID group compared with the PD group (P<0.05; Fig. 3A) . Either the ALA-L group (31.5 mg/kg) or the ALA-H group (31.5 mg/kg) treatment significantly reduced the MDA levels compared to the LID group (P<0.05, Fig. 3A) . Similarly, no significant difference was observed between the ALA-L and ALA-H groups in terms of reducing MDA level (P>0.05; Fig. 3A) . To investigate the effect of ALA on anti-oxidative stress in an LID model, the authors assessed the biomarkers of oxidative stress, including GSH and GSSG. The level of GSH activity by the means of GSH/GSSG in the LID group was significantly decreased compared with the PD group (P<0.05; Fig. 3B and C) . Meanwhile, treatment with ALA remarkably alleviated the GSH activity compared with the LID group (P<0.05; Fig. 3B and C) . Furthermore, the ALA-H group demonstrated more effects in the GSH activity compared with the rats receiving ALA-L (P<0.05; Fig. 3B and C) .
LA treatment ameliorates IBa-1 positive neurons in substantia nigra. IBa-1 is a protein that is specifically expressed in macrophages/microglia and is upregulated during the activation of these cells (16) . Activated macrophages are reported in tissues with inflammation. Therefore, IBa-1 levels have been found to positively correlate with chronic inflammation indicators. IBa-1 positive neurons are induced about two-fold increase in the substantia nigra by chronic L-DOPA treatment compared with other two groups (P<0.05; Fig. 4) , the inductive effect of L-DOPA on this marker can be seen in all substantia nigra regions. Meanwhile, animals treated with ALA tended to present lower levels of cellular immunostaining for IBa-1 positive neurons than LID group (P<0.05; Fig. 4) . Note that the ALA-H entailed significantly more effective than the treatment with ALA-L in terms of lower the levels of IBa-1 positive neurons in the substantia nigra (P<0.05; Fig. 4) .
Treatment with LA prevents activation cleaved-caspase-3 and PARP. Fig. 5 indicated that chronic L-DOPA treatment of hemi-parkinsonian rats increased cleaved-caspase-3 and PARP levels in the lesioned substantia nigra. ALA at 31.5 mg/kg or 63 mg/kg both reduced the induction of cleaved-caspase-3 and PARP levels following chronic L-DOPA treatment in parkinsonian animals. Furthermore, ALA-H demonstrated more reduction in terms of cleaved-caspase-3 and PARP levels compared with ALA-L administration (P<0.05; Fig. 5A-F) . The degree of dopamine depletion was verified by western blotting with an antibody raised against tyrosine hydroxylase (TH). Significant changes were observed in TH levels in the substantia nigra between the PD group and other four groups (P<0.05; Fig. 5G and H) , indicating >90% depletion of nigral dopamine cell bodies in PD, LID and ALA groups.
Discussion
L-DOPA is the most successful approach to manage motor symptoms in PD patients. However, the emergence of LID with long-term use is a severe challenge for PD. The present study has demonstrated that chronic challenges of ALA (31.5 and 63 mg/kg) in combination with L-DOPA significantly alleviates dyskinesia. The major findings from this study were: (1) ALA ameliorated L-DOPA induced dyskinesia; (2) the effective ALA dose (31.5 mg/kg or 63 mg/kg) did not interfere with the therapeutic motor effects of L-DOPA; (3) ALA reduced L-DOPA-induced MDA over-expression in substantia nigra and upregulated the level of GSH; (4) ALA reduced L-DOPA-induced cleaved-caspase-3 and PARP overexpression in the substantia nigra; (5) ALA reduced L-DOPA-induced IBa-1 positive neurons in the substantia nigra. The anti-dyskinetic effect of the 31.5 or 63 mg/kg dose of ALA was observed 7 days following L-DOPA administration, when dyskinesias were occurring. Moreover, this effect of ALA was maintained over the entire 21 days without development of tolerance. The current study revealed, for the first time, that the ALA could alleviate LID in 6-OHDA parkinsonian rats via anti-oxidative stress in terms of reduced MDA level and upregulated GSH activity. Moreover, these results further indicate that co-administration with ALA reduced the percentage of apoptotic cells in the substantia nigra observed following chronic L-DOPA treatment. Using western blotting for the distinction of apoptotic event, the authors demonstrated that ALA could attenuate the apoptotic event induced by L-DOPA. The findings of anti-apoptotic effects of ALA against L-DOPA-induced apoptosis are consistent with those obtained with this compound in previous studies (11, 17) .
Oxidative stress is a central event in a range of pathological conditions. Such a pathway appears to underlie the pathological processes of PD, in which the inhibition of the mitochondrial complex I elicited by the neuron toxicant increases the formation of ROS that cause the mitochondrial dysfunction finally result in PD occur (18) . 6-OHDA has been widely used to study the pathogenesis of PD and is thought to selectively kill dopaminergic neurons and to elicit severe parkinsonism-like symptoms in humans and animals (19) . Moreover, the previous data indicated that L-DOPA therapy of PD patients may induce oxidative stress by different mechanisms, and increase the levels of inflammatory markers and leaded to apoptotic event (7) . All of these events induced by L-DOPA probably serve a vital role in the development of LID. Namely, long-term follow-up of PD therapy with L-DOPA improves the parkinsonian symptoms but may lead to fluctuations and dyskinesias and on-off phenomena. Motor fluctuations and LID are common sequelae of PD that may limit function and quality of life. Meanwhile, in the present study, results indicated that treatment with chronic L-DOPA significantly increased level of MDA and reduced the GSH activity. In addition, the present findings demonstrated that ALA co-administration with L-DOPA could reverse the effect by L-DOPA in the LID models.
Another related issue in the exploration of microglial activation phases is the reliance on Iba-1 immunoreactivity to report on their activation state (20) . Based on a previous study, IBa-1 levels were revealed to positively correlate with chronic inflammation indicators (20) . The results demonstrated that IBa-1 positive neurons are induced ~two-fold more in the substantia nigra by chronic L-DOPA treatment; the inductive effect of L-DOPA on this marker can be seen in all substantia nigra regions. Meanwhile, co-administration with ALA tended to report lower levels of cellular immunostaining for IBa-1 positive neurons than the LID group. However, the limitation of present study is that only Iba-1 dyeing was used to reflect inflammatory states of glia. Indeed, in the future, studies should show the importance of using multiple approaches when reporting on the level of microglial activation. Moreover, caspase-3 has been identified as a key mediator of neuronal programmed cell death. Caspase-3 activation, a crucial event of neuronal cell death program, is also a feature of many chronic neurodegenerative diseases (21) . One previous study demonstrated that PD patients treated with L-DOPA had significantly increased levels of caspase-3 and PARP protein (22) . It seems that pharmacological treatment of PD patients with L-DOPA has a major role in modulating the levels of some apoptotic proteins in lymphocytes, which are important for this process, which were consistent with that present results that state that chronic L-DOPA treatment could upregulate the levels of caspase-3 and PARP. In resent research, chronic L-DOPA treatment of hemi-parkinsonian rats increased cleaved-caspase-3 and PARP in the lesioned substantia nigra. ALA at 31.5 mg/kg or 63 mg/kg both reduced the induction of cleaved-caspase-3 and PARP levels following chronic L-DOPA treatment in parkinsonian animals. In conclusion, these data demonstrated that ALA prevents molecular changes from occurring and lends support to the hypothesis that ALA alleviates L-DOPA-induced dyskinesia in 6-OHDA parkinsonian rats via anti-oxidative stress; this may be a promising mode of administration to avoid LID.
Based on the present findings, ALA could be recommended as a promising disease-modifying therapy when administered with L-DOPA early in the course of PD. The exact mechanism for this action, although incompletely understood, appears to relate to anti-oxidative stress and anti-apoptosis.
